The rock-hosted subseafloor crustal aquifer harbors a reservoir of microbial life that may 18 influence global marine biogeochemical cycles. Here we utilized genomic reconstruction of crustal 19 fluid samples from North Pond, located on the flanks of the Mid-Atlantic Ridge, a site with cold, 20 oxic subseafloor fluid circulation within the upper basement. Twenty-one samples were collected 21 during a two-year period at three different depths and two locations with the basaltic aquifer to 22 examine potential microbial metabolism and community dynamics. We observed minor changes 23 in the geochemical signatures over the two years, yet a dynamic microbial community was present 24
Introduction 35
The largest actively flowing aquifer system on Earth is the fluids circulating through 36 oceanic crust underlying the oceans and sediments (Sclater et al., 1980 ; Carol A Stein and Seth 37 Stein, 1994; Johnson and Pruis, 2003) . The movement of water through the aquifer serves as a 38 vital conduit for exchange of both microorganisms and nutrients between the ocean basins and the 39 subseafloor and offers a route by which organisms can extract energy from the fluids and rocks 40 beneath the seafloor (Orcutt et al., 2013; Meyer et al., 2016) . Our understanding of life within the 41 marine crustal aquifer has largely been shaped by studies of anaerobic and thermophilic organisms 42 in warm ridge flank environments (Cowen et al., 2003; Huber et al., 2006; Jungbluth et al., 2013; 43 2016 ) and crustal-source basalts exposed at the seafloor (Lysnes et al., 2004; Mason et al., 2009; 44 Santelli et al., 2009; Lee et al., 2015) . However, much of the microbial interaction with the crustal 45 aquifer occurs within the seafloor at sites where cold, oxygenated deep ocean waters circulate 46 through basaltic crust, entering and exiting through seafloor exposures (Andrew T Fisher and 47 oxygen, silica, and dissolved organic carbon (DOC) that are different than those of the deep bottom 79 water , and assessment of the crustal fluid microbial community through 16S 80 rRNA gene and transcript sequencing, stable-isotope incubations, and metagenomics revealed that 81 the aquifer community was active with a distinct community structure from bottom water. The 82 community also had the capacity to perform both autotrophy and heterotrophy , 83 with low rates of activity detected using nanocalorimetry (Robador et al., 2016) . 84
Together, these initial studies show a diverse and distinct microbial community living in 85 the oligotrophic, oxic, basaltic crustal aquifer at North Pond with relatively low levels of metabolic 86 activity. However, little is known about the metabolic potential and community dynamics in this 87 understudied environment. Here, we present genomic reconstruction of North Pond crustal fluid 88 samples collected over a span of two years, providing 21 samples for a detailed examination of 89 potential microbial metabolism and community interactions within this subseafloor aquifer. Our 90 high-resolution analysis of hundreds of genomes reveals a temporally and spatially dynamic 91 microbial community and provides new insights into microbially-mediated biogeochemical 92 cycling within the crustal aquifer. 93
94
Results 95
Assessment of microorganisms in the subseafloor aquifer 96
The cold, oxic Mid-Atlantic subseafloor aquifer was sampled for geochemistry, cell 97 quantification, and microbial DNA from two seafloor CORK installations at the North Pond site. 98
Water samples were collected 10 times from hole U1382A over the course of two years, and Hole 99 U1383C was sampled 9 times from three different depth horizons that had been sealed during 100 Cell counts in all 19 borehole samples ranged from 5 to 20 × 10 3 cells mL -1 of crustal fluid, 108 with no discernable change during the two year period (TABLE 1) . Geochemical data from 109 discrete samples collected in 2012 and 2014 indicated a minor increase in silica, whereas oxygen 110 concentrations decreased slightly at all sampling horizons. Nitrate concentrations did not change. 111
In total, 21 metagenomic samples were sequenced, generating 1.2 billion high-quality 112 paired-end Illumina sequencing reads (SUPPLEMENARY DATA 1). 2,829 approximately full-113 length 16S rRNA gene sequences were reconstructed from the dataset (SUPPLEMENTARY 114
DATA 2). The full-length 16S rRNA gene sequences in the metagenome (FIGURE 2) provide a 115 snapshot of community composition in the samples, revealing a temporally and spatially dynamic 116 community, with large shifts in the relative abundance of Proteobacteria, specifically in the 117 Epsilon-, Alpha-, Gamma-, and Deltaproteobacteria, and the Bacteroidetes. 118
After two rounds of assembly of the high-quality sequencing reads, 1.5 million contigs 119 were produced. A subsection of contigs ≥5kbp in length (78,004 contigs; N50 = 25,932 bp; Total 120 bp = 1.2 Gbp) were used to reconstruct microbial genomes (SUPPLEMENTARY DATA 3). 195 121 metagenome-assembled genomes (MAGs) were reconstructed and determined to be ≥50% 122 complete (an additional 234 genome bins were identified that were 20-50% complete, though were 123 not analyzed further). Throughout this manuscript, the term 'genome' will be used to refer to the 124 195 binned MAGs. The genomes were given the designation NORP, for North Pond genome 125 (NORP1-195). With the exception of two genomes (NORP4 and -5), all of the genomes had ≤10% 126 cumulative contamination/redundancy (SUPPLEMENTARY DATA 3). The genomes recruited 127 between 9-61% of the sequencing reads (mean = 37.3%) from the individual samples, with the 128 lowest recruitment rate from the 2012 bottom water sample (SUPPLEMENTARY DATA 4). 129
140 MAGs had a sufficient number (≥8) of 16 ribosomal marker proteins to be included in 130 (FIGURE 3; SUPPLEMENTARY DATA 9). Genomes were subjected to Bray-Curtis clustering 141 based on the relative abundance values (SUPPLEMENTARY FIGURE 3). Several of the genomes 142 (e.g., NORP125, -161, and -172) were cosmopolitan in the subseafloor crustal fluids, present in 143 both holes, and at several time points and depths (FIGURE 3). Most of the genomes associated 144 with the bottom water samples were not present in the crustal samples, although several genomes 145 did have low abundances; specifically NORP160 and -164, both assigned to the Nitrosopumilales, 146 and three additional genomes detected in the 2014 samples from U1382A and the middle section 147 of U1383C. Generally, when genomes were grouped together, these groups were abundant in one 148 or a few samples (e.g., NORP51, -54, and -55). These samples then tended to be linked either 149 temporally or spatially (FIGURE 3). In several instances, a single organism becomes highly 150 abundant, but is only present in a single sample (e.g., NORP6 or NORP73 
Analysis of the putatively carbon fixing genomes for possible electron donors revealed at 166 least 5 sources: sulfide (HS -), sulfur (S 0 ), thiosulfate, hydrogen (H 2 ), and ferrous iron (Fe 2+ ; 167 In assessing the potential for aerobic respiration, 20.5% of the genomes were determined 181 to possess low-oxygen sensitivity (aerobic; aa 3 -and/or bo-type) cytochromes, 12.3% contained 182 high-oxygen sensitivity (microaerobic; cbb 3 -and/or bd-type) cytochromes, and an additional 183 55.9% contained cytochromes for both aerobic and mircoaerobic oxygen metabolism 184 (SUPPLEMENTARY FIGURE 4; SUPPLEMENTARY DATA 8). An assessment of anaerobic 185 metabolisms showed that 7.7% of genomes possessed the potential to perform complete 186 denitrification (nirK/nirS, norBC, and nosZ). An additional 19.5% of genomes were annotated to 187 have the potential to perform a single step in denitrification process (nitrite reduction, nitric oxide 188 reduction, or nitrous-oxide reduction), while 9.2% of genomes could potentially perform only two 189 This pattern can also be observed in Unit II (genomes in TP1 seen in TP3-5) and Unit V (genomes 203 in TP2 seen in TP7, 8, and 2014) and supports the results of the sample clusters that indicate that 204 TP1 and TP3-6 are more similar to one another than TP2 and TP7-8 (SUPPLEMENTARY 205 (SUPPLEMENTARY DATA 4). It is likely, though, that due to the dynamics of assembly and 280 binning that these genomes represent many of the most abundant organisms in the environment. 281
Collectively, the repeated sampling at multiple sites, together with the successful binning of 282 hundreds of genomes, provides an unprecedented dataset for investigation of microbial 283 communities and their associated metabolic potential in the cold, oxic crustal aquifer. 284 285
Carbon fixation 286
Previous results from North Pond samples in 2012 showed lower concentrations of DOC 287 in the crustal fluids compared to seawater, as well as the potential for carbon fixation, with higher 288 potential rates of autotrophy in the crust compared to seawater, especially at warmer temperatures 289 (25°C) and deeper in the crust . In addition, limited metagenomic analysis of 290 three samples from 2012 showed the presence of some genes associated with carbon fixation 291 . Our assessment of genomes for the presence of genes representative of 292 autotrophic carbon fixation resulted in the identification of two carbon fixation pathways: the 293
Calvin-Benson-Bassham (CBB) cycle and the reverse citric acid (rTCA) cycle (TABLE 2) . All 294 instances of the rTCA cycle were identified within the Epsilonproteobacteria, and the CBB cycle 295 was identified in several different groups, including the Alpha-, Gamma-, and Zetaproteobacteria, 296 as well as the Planctomycetes. Each of the genomes with potential for carbon fixation was also 297 analyzed for pathways that could provide a lithotrophic source of reducing potential necessary for 298 carbon fixation (TABLE 2) . Results indicate that the most prevalent electron source identified 299 amongst the putative carbon fixing genomes was sulfide, but several other electron sources were 300 also identified, including thiosulfate, ferrous iron, sulfur, and hydrogen. These electron sources are 301 likely coupled to the reduction of oxygen, as all but one of the genomes with predicted carbon fluids. This is similar to the prevailing theory in regards to terrestrial crustal systems (Hallbeck 318 and Pedersen, 2008), where lithoautotrophic growth in microorganisms via the CBB cycle has 319 been found in deep terrestrial aquifers in the Fennoscandian shield (Wu et al., 2015) . 320 321 Genomic evidence for the prevalence of hypoxic conditions 322
All measurements at North Pond show that the aquifer fluids at North Pond are oxygenated, 323
with O 2 concentrations equal to or slightly less (185-244 µM) than that of the DABW (~250 µM; 324 Table 1 ; . Therefore, it was unexpected to find that many of the North Pond 325 genomes had genes that suggest hypoxic or potentially anoxic conditions. More than half of the 326 genomes (56%) had terminal c-type cytochromes for both aerobic (aa 3 -and bo-type) and 327 microaerobic (cbb 3 -and bd-type) metabolisms, with an additional 13% of genomes only 328 possessing the microaerobic cytochromes (SUPPLEMENTARY FIGURE 4). There was 329 substantial evidence that the organisms in this environment were capable of the reduction of nitrate 330 via both dissimilatory nitrate reduction to ammonia (DNRA; 36%) and denitrification (36%; 331 SUPPLEMENTARY FIGURE 4). Further, NORP6 possessed the canonical sulfite reductase, 332 necessary for the anaerobic conversion of sulfite to sulfide (SUPPLEMENTARY FIGURE 4) . The 333 role that these genes, commonly associated with anaerobic metabolisms, play in the environment 334 is unclear. It is possible that, similar to sub-oxic microenvironments encountered in the oxic 335 change. Further, shifts in the fraction of the community capable of sulfide oxidation is linked to a 369 microbial community structure that overlaps TP1 and TP3-6, while thiosulfate oxidation is linked 370 to overlaps in TP2 and TP7-8 (FIGURE 5A-C; SUPPLEMENTARY FIGURE 9 ). This suggests 371 that changes in availability of sulfide and thiosulfate are responsible for the changes in microbial 372 community structure, or conversely, that microbial community metabolic potential impacts the 373 availability of sulfide and thiosulfate. 374
In comparing U1382A and U1383C, several large, cohesive microbial groups were present 375 in both boreholes (FIGURE 3), with organisms more abundant in U1383C clustering together, to 376 the exclusion of organisms more abundant in U1382A. However, it was common for a group of 377
MAGs to be more abundant in one hole and also have a reduced or minimal abundance in the other 378 hole (FIGURE 3). While this result suggests there is some connectivity between the two 379 subseafloor environments sampled by the CORKs, it is also clear that there are distinct, dominant 380 populations within each hole, likewise there are distinct chemical signatures in both. However, the 381 variation in community structure does not result in differences in metabolic potential, with 382 functional redundancy in all queried processes, except for nitrogen fixation (FIGURE 6). This 383 functional redundancy is further reflected in the fraction of the observed microbial community 384 capable of participating in each metabolic step, with no statistically significant difference between 385 the boreholes, except for ammonia oxidation (FIGURE 6). These results indicate that the observed 386 differences in community structure are not related to carbon fixation or nitrogen and sulfur cycling, 387 and are likely governed by environmental parameters that structure spatially distinct communities 388 with a high degree of functional redundancy. A top-down control on community structure could 389 be susceptibility to viral predation, while a bottom-up control may involve limits in trace nutrients 390 or vitamin availability. Continued analysis of these data and future sampling efforts will help to 391 elucidate the extent of these controls on the microbial community. with DAPI (4',6'-diamidino-2-phenylindole; Sigma) and epifluorescent microscopy (Porter and 426 Feig, 1980) . Fluids also were analyzed for dissolved silicon and nitrate using automated 427 colorimetric analysis. 428
429

DNA extraction and sequencing 430
Total genomic DNA was extracted from the filters using a phenol chloroform method, as 431 previously described (Sogin et al., 2006) . DNA was sheared to 175 bp using a Covaris S-series 432 sonicator. Metagenomics libraries were constructed using the Ovation Ultralow Library DR The size-selected set of secondary contigs was used to recruit high-quality sequencing 469 reads from each sample using Bowtie2 (as above). A coverage value, equivalent to recruited reads 470 per bp, was determined for each contig in each sample, the coverage values were log(n + 1) 471 transformed, and subjected to binning using affinity propagation (Frey and Dueck, 2007) cut_tc --notextw) of TIGRfam (Haft et al., 2003) and Pfam (Bateman et al., 2002) models 483 corresponding to the proteins (SUPPLEMENTARY DATA 13). If multiple copies of a ribosomal 484 markers protein were detected, that protein was not included as a marker for that genome, and any 485 genome with <8 markers was not included for further phylogenetic assessment. Ribosomal 486 markers were collected from 1,652 reference genomes representing the major Families and/or 487 Genera from within the Bacteria. Each marker gene from the putative and reference genomes was 488 aligned using MUSCLE (Edgar, 2004; v3.8 assignments, genomes were assessed for the degree to which specific pathways and functions were 511 complete in the individual genomes using the information on canonical pathways available as part 512 of the KEGG Pathway Database (updated, Nov 14 2016) and the script KEGG-decoder.py 513 (www.github.com/bjtully/BioData/tree/master/KEGGDecoder). 514
Beyond specific assignments to pathways and function, for this manuscript several broad 515 functional metabolic categories were identified for genomic bins based on the presence multiple 516 genes. Cytochromes that participate in oxygen chemistry in aerobic organisms were defined as 517 cytochrome c oxidase, aa 3 -type (coxABCD) and cytochrome o ubiquinol oxidase (cyoABCD), 518 while microaerobic cytochrome metabolism was defined as cytochrome c oxidase, cbb 3 -type 519 (ccoPQNO) and cytochrome bd complex (cydAB; García-Horsman et al., 1994) . Similarly, sulfide 520 oxidation was determined by the presence of sulfide:quinone oxidoreductase (sqr), sulfur 521 dioxygenase (sdo), and/or sulfite reductase (dsrA), when applicable (see below). Additionally, 522 putative thiosulfate oxidation was assessed based on components of the SOX system (soxABCXYZ) 523 and/or thiosulfate dehydrogenase (tsdA). 524
Putative CDS annotated as the large subunit of ribulose-1,5-bisphosphate carboxylase 525 (RuBisCo; K01601) were extracted, along with RuBisCo sequences representing previously 526 described major lineages (Tabita et al., 2007 ; SUPPLEMENTARY DATA 17). The RuBisCo 527 sequences were aligned, automatically trimmed, and used to construct a phylogenomic tree (as 528 above). A similar procedure was applied to identifying molybdopterin oxidoreductases (MOBs), 529 specifically to identify MOBs associated with Fe 2+ oxidation. Putative MOBs were identified from 530 the Prodigal-derived CDSs via HMMER (hmmsearch, bit score threshold ≥75) using the 531 molybdopterin Pfam (PF00384). Environmental MOBs were aligned with reference sequences 532 (SUPPLEMENTARY DATA 6), automatically trimmed, and used to construct a phylogenomic 533 tree (as above). To differentiate between sulfite reductases present in sulfur reducing organisms 534 and reverse sulfite reductase present in sulfur oxidizing organisms, putative CDS annotated as 535 DsrA (K11180) were used to construct a phylogenomic tree (as above) with reference sequences 536 Contigs composing the North Pond genomes were used to recruit high-quality sequencing 543 reads using Bowtie2 (default parameters) from the subsampled metagenomic samples (as above). 544
Read counts for each genome were determined using featureCounts (Liao et al., 2014 ; v.1.5.0-p2; 545 -F SAF) and normalized to reads per bp for the full-length of each genome. Length-normalized 546 relative abundance was determined for each sample: 547 × 22,142,100 ×100 548
The relative abundance values for the genomes in all 21 sample were used to cluster the 549 genomes and samples in Past3 using the Bray-Curtis similarity measure (SUPPLEMENTARY 550 units were used to predict potential function. Genomes from U1382A were assigned to six 555 functions: carbon fixation, partial denitrification (functional assignment predicts incomplete set of 556 denitrification genes), complete denitrification, DNRA, sulfide oxidation, partial dissimilatory 557 sulfur redox (functional assignment predicts incomplete set of sulfur redox genes), and thiosulfate 558 oxidation. The fraction of the observed community with a given function was determined by: 559
This process was repeated for the complete set of genomes to compare function between U1382A, 561 U1383C, and the DABW. Genomes with relative abundance >0.05% were considered for this 562 analysis and could be assigned to multiple samples. Instead of broad functions, as for U1382A 563 ecological units, genome counts and fractional abundance were assigned based on the presence of 564 key genes in the nitrogen, sulfur, and carbon cycles. Biosphere Investigations (C-DEBI) (OCE-0939564), a National Science Foundation-funded 577
Science and Technology Centers of Excellence also supported the participation of CGW, JAH, 578 and BJT. This is C-DEBI contribution number XXX. 579 TP1  TP8  TP7  TP6  TP5  TP4  TP3  TP2 2014 X X X X X X X X X X 2012  TP1  TP8  TP7  TP6  TP5  TP4  TP3  TP2  2014  X   2 samples  2012  TP1  TP8  TP7  TP6  TP5  TP4  TP3  TP2  2014   X  X   3 samples  2012  TP1  TP8  TP7  TP6  TP5  TP4  TP3  TP2 Ecological units are ordered to illustrate the progression of community structure through time.
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